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Abstract
A model that calculates the distribution of solar radiation inside a basin-type solar still with plane reflectors has been proposed. In this
model, both surface finish and optical view factors are taken into consideration in the computation of solar radiation that effectively
reaches the surface of saline water in the distillation system. The model was applied to a conventional solar still and an advanced solar
still with separate condenser. The conventional solar still was tested at New Delhi (28350N, 77120E) in previous work while the
advanced distillation system was developed in this investigation and it comprised three basins with saline water. Basin 1 was fitted hor-
izontally in the evaporator chamber, with the condenser chamber housing basins 2 and 3. The top part of the evaporator unit was cov-
ered with glass to allow solar radiation to reach water in basin 1. In addition, the internal surfaces of the walls of the evaporator and
external surface of the front wall of the condenser unit reflected part of the incoming solar radiation onto the surface of saline water in
basin 1. The distillation system was tested outdoors at the Malawi Polytechnic (15480S, 35020E). Under the prevailing meteorological
conditions, it is found that the computed solar load on the surface of saline water in the evaporator basin is lower than that observed on a
horizontal plane outside each energy system. The new model exhibited a higher degree of accuracy than the previous one. Other results
are presented and discussed in this paper.
 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Clean water is essential for good health, which relates to
social and economic development of any nation. Neverthe-
less, available water on the earth’s surface is usually impure
(El-Sebaii et al., 2009), and this problem is exacerbated by
pollution of fresh water resources. This results in limited
access to safe drinking water, especially in developing
countries (WHO, 2008). In such cases, the quality of water
can be improved through desalination.
Conventional techniques for desalination can broadly be
classified into thermal and membrane based categories
(Fritzmann et al., 2007). The former class of techniques
includes multi-stage flash (MSF), multi-effect distillation
(MED) and vapour compression distillation (VCD); while
the latter class comprises reverse osmosis (RO), nanofiltra-
tion (NF) and electrodialysis (ED). In thermal desalina-
tion, salts are removed from water by evaporation–
condensation processes. Membrane based techniques
employ a membrane through which water diffuses with a
high proportion of the salts being retained. However, these
techniques require a large input of energy and are not
cost-effective for low volumes of clean water (Mowla and
Karimi, 1995). According to Bouchekima et al. (1998),
improvements in solar distillation technology makes it
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Nomenclature
A area (m2)
Aec area across the entrance from the evaporator to
condenser chamber (m2)
A0 projected area (m2)
B breadth (m)
Cp specific heat capacity at constant pressure
(J kg1 K1)
D coefficient of diffusion mass transfer (m2 s1)
g acceleration due to gravity (m s2)
F solar radiation absorption factor (dimension-
less)
G irradiance (W m2)
G0 solar power (W)
h coefficient of heat transfer (W m2 K1)
H daily insolation (J m2)
I hourly insolation (J m2)
Io hourly extraterrestrial insolation (J m
2)
k thermal conductivity (W m1 K1)
L length (m)
L0 specific latent heat of vaporization (J kg1)
m mass (kg)
_m rate of vapour diffusion/flow (kg s1)
Nu Nusselt number (dimensionless)
P pressure (N m2)
Pr Prandtl number (dimensionless)
Q heat flux (W m2)
R gas constant (J kg1 K1)
R0 ratio of evaporator to condenser volume
(dimensionless)
Ra Rayleigh number (dimensionless)
S channel or equivalent spacing (m)
t time (s)
T temperature (K)
U coefficient of heat loss (W m2 K1)
V velocity (m s1)
W diffuse view factor (dimensionless)
W0 specular view factor (dimensionless)
x distance/thickness (m)
xec gap crossed by water vapour from evaporator to
condenser (m)
Y distillate yield (kg m2)
Z height (m)
Greek symbols
a absorptance
a0 thermal diffusivity (m2 s1)
b angle of inclination to the horizontal plane ()
b0 coefficient thermal expansivity (K1)
e emittance (dimensionless)
cp plane/surface azimuth angle measured from
south ()
cs solar azimuth angle measured from south ()
D change in
q reflectance (dimensionless)
s transmittance (dimensionless)
u density (kg m3)
r Stefan–Boltzman constant (W m2 K4)
m kinematic viscosity (m2 s1)
x hour angle ()
w solar altitude ()
Subscripts
1 initial/first
2 final/second
3 third
a air/ambient
b beam
bo bottom
bh beam on horizontal surface
bn beam component normal to the incident beam
radiation
bw back wall of evaporator chamber
c convective
co condenser cover
cs condensing surface (glass cover, basin liner 2
and condensing cover)
d diffuse/diffusion
da dry air
di directly received/intercepted
dh diffuse on horizontal surface
dr diffuse reflection
dw distilled water
e evaporative/evaporation
ec evaporator chamber
ef effective
er external reflector
ew east wall
fw front wall of evaporator chamber
g global or total
gc glass cover
gh global on horizontal surface
i–j from the ith to the jth surface
ma moist air
ps polystyrene
pu purging
pw plywood
r radiative
s solar/sun
sk sky
sr specular reflection
sw side wall
sl side wall around basin 1
s2 side wall around basin 2
s3 side wall around basin 3
v vapour
vc vapour in condenser chamber
218 A. Madhlopa, C.M. Johnstone / Solar Energy 85 (2011) 217–233
suitable for desalting water in remote areas where water
demands are below 50 m3/day. Delyannis (2003) presented
a historical background of desalination and renewable
energy, which included advances in solar desalination.
Tiwari et al. (2003) reviewed the status of solar distillation,
and described solar distillation as the commonest non-
conventional method for upgrading the quality of water.
A basic solar distillation system has a thin layer of water
in a shallow basin, a transparent cover over the water and
channel for collecting the distillate. Saline water in the
basin is heated by solar radiation that passes through the
transparent cover and is absorbed by the bottom part of
the still basin. Vapour flows upwards from the hot water
and condenses when it makes contact with the cooler inner
surface of the transparent cover. The condensate (clean
water) is collected through a channel fitted along the lower
edge of the transparent cover.
In a solar still, the temperature difference between the
water and cover is the driving force of the distillation pro-
cess. It influences the rate of evaporation from the surface
of the water within the basin flowing towards the condens-
ing cover. However, the heat transferred from hot water to
the transparent cover increases the temperature of the
cover, thereby curtailing the rate of distillation in a conven-
tional solar still (CSS). Consequently, the efficiency of a
CSS is relatively low (Al-Kharabsheh and Goswami,
2003). In view of this, many attempts have been made to
improve its performance through various modifications,
including: reduction of bottom heat loss (Cooper, 1969a;
Tiwari and Madhuri, 1987), and use of different absorbing
materials (Tiris et al., 1996; Akash et al., 1998), external
condensers (El-Bahi and Inan, 1999a), sponge cubes (Bas-
sam et al., 2003), packed layer of glass balls in the basin
and rotating shaft (Abdel-Rehim and Lasheen, 2005),
and reflectors (Tamini, 1987; Tanaka and Nakatake,
2006, 2007).
Based on various modifications, solar stills are broadly
classified into active and passive systems. In solar stills of
the active variety, additional thermal energy from an exter-
nal source (such as a flat plate or concentrator collector) is
supplied to the evaporator to augment the temperature of
the water in the basin. Tiwari et al. (2003) report that active
solar stills are suitable for commercial production of dis-
tilled water. No outside heat is employed in the passive
variety of solar stills. In both classes of stills, water vapour
flows from the evaporator to the condensing cover by nat-
ural (convection, diffusion and purging) or forced circula-
tion. Natural circulation does not require a blower,
thereby reducing costs associated with forced circulation.
This study focuses on modelling a passive solar still with
plane reflectors. The use of reflectors is aimed at augment-
ing the amount of solar radiation intercepted by the solar
still. Moreover, solar radiation is the most important envi-
ronmental factor that affects distillate production (Nafey
et al., 2000). It is therefore necessary to know the amount
of solar energy that drives the distillation process when
modelling a solar still with reflectors.
El-Bahi and Inan (1999b) developed a solar still with
separate condenser and external reflector. Energy balance
equations were formulated for this solar distillation system,
with total irradiance as one of the meteorological input
variables to the model. They found that fitting a reflector
outside the still prevented vapour accumulation on the
reflector surface and improved the factor of solar radiation
reflection. Tanaka and Nakatake (2006) performed a theo-
retical analysis of a solar still with internal and external
reflectors. They split global irradiance into beam and dif-
fuse components, and found that reflectors could signifi-
cantly increase distillate yield. Later, Tanaka and
Nakatake (2007) studied the effect of inclination of an
external reflector on the productivity of a solar still. Again,
they used separate components of global solar irradiance in
their analysis. It was concluded that tilting the external
reflector increased distillate yield. More recently, Tanaka
and Nakatake (2009) used a similar analytical approach
to investigate the effect of inclining an external reflector
on the productivity of a tilted-wick type solar still. They
observed an improvement in distillate output when the
reflector was inclined. Madhlopa and Johnstone (2009)
computed the distribution of solar radiation inside a pas-
sive solar still with separate condenser by using the tech-
nique reported by Tripathi and Tiwari (2004).
The previous model proposed by Tanaka and Nakatake
(2006) and subsequently used in other studies (Tanaka and
Nakatake, 2007, 2009), is realistic because it attempts to
quantify the actual amount of solar energy that contributes
to the heat and mass transfer processes in a solar still. In
their analysis, beam and diffuse components of global solar
radiation are treated separately. Beam radiation directly
received by the surface of saline water and reflectors is cal-
culated from the azimuth and altitude angles of the sun,
and the latitude and longitude of the site for a given geom-
etry of the still. In addition, optical view factors and diffuse
radiation from reflectors are not taken into consideration
in their model. Nevertheless, it is known that the amount
of diffuse solar energy directly received by a given surface
depends on the proportion of the sky viewed by the surface
(Duffie and Beckman, 2006). Furthermore, the amount of
solar radiation transferred from a reflector to a receiver is
influenced by both the surface reflectance and the optical
view factor of the reflector relative to the receiver. The
reflector can exchange both beam and diffuse radiation
ve vapour in evaporator chamber
w water
wa wall
wd wind
ww west wall
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with another surface. Consequently, models that neglect
diffuse radiation from a reflector and the effect of view fac-
tors would have limited accuracy. The objective of this
study was therefore to overcome this limitation.
A new model has been developed by taking into consid-
eration the properties of beam and diffuse components of
solar radiation and optical view factors inside a solar still
with plane reflectors. This model was applied to a conven-
tional solar still reported by Tripathi and Tiwari (2004) and
an advanced solar still tested outdoors at the Malawi Poly-
technic from 25th September to 23rd October 2008. Results
show that inclusion of the diffuse component in the
reflected solar radiation and view factors improves the
accuracy of modelling a solar still with reflectors.
2. Proposed model
Fig. 1 shows a schematic representation of a solar still
with internal and external plane reflectors. Incoming solar
radiation is incident on the transparent cover and part of it
is directly transmitted onto the surface of saline water. In
addition, the walls of the evaporator chamber and the
external reflector reflect solar radiation onto the water sur-
face. Solar radiation reflected from the front wall onto the
surface of saline water is negligible (Tripathi and Tiwari,
2004). Consequently, only the contributions of solar radia-
tion from the back and side walls and external reflector
were included in the computation of effective irradiance
(Gg,ef) inside the still. In this study, global irradiance is split
into its components and view factors of the receiving or
reflecting surfaces are taken into account. It should also
be noted that radiation may be reflected specularly or dif-
fusely. Radiation goes in one direction from a specular
plane reflector, and specular geometric (view) factor and
reflectance are required in the computation of reflected
beam radiation (Wijeysundera, 1978; Abdel-Ghany and
Kozai, 2006). In contrast, reflected radiation goes in differ-
ent directions in diffuse reflection, and diffuse view factor
and reflectance are required for calculation of the magni-
tude of reflected diffuse solar radiation. It should neverthe-
less be mentioned that reflection is often assumed diffuse on
real surfaces (ASHRAE, 2001). Beam and diffuse irradi-
ance on the walls and external reflector are computed
and then used to calculate the required effective irradiance
on the surface of saline water. Multiple reflections are
assumed negligible.
For beam radiation, solar energy received directly by the
water surface (Gb,di) and that intercepted by the internal
surfaces of the walls (Gb,wa) and the external reflector (Gb,er)
depend on the geometry of the solar still, beam irradiance
on a horizontal surface and the position of the sun in the
sky. So, Gb,di, Gb,wa and Gb,er can be given by (Tripathi
and Tiwari, 2004):
Gb;di ¼ AdiGbh=Aw1 ð1Þ
Gb;wa ¼ A0bw þ A0ew þ A0ww
 
Gbh=Aw1 ð2Þ
Gb;er ¼ A0erGbh=Aw1 ð3Þ
Using a geometric analysis as shown in Fig. 2, the area of
saline water receiving beam radiation directly and the pro-
jected areas of the evaporator walls and external reflector
τgc
τgc
ρgc
Solar radiation
Saline water 
External reflector
Transparent 
cover 
Back wall 
Fig. 1. Distribution of solar radiation inside a solar still with internal and
external reflectors.
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Fig. 2. Geometry of a solar still with separate condenser and reflectors
and rays from the sun: ABCD = area of rectangular base of the still,
BCKJ = area of western side wall of the evaporator chamber,
AB = length of the evaporator basin (Lbl), AD = width of the evaporator
basin (Bbl), F0O is equal and parallel to BC, F0R is equal and parallel to
AB, BF0 is parallel and equal to CO, CK = height of back wall (Zbw),
angle BF0J = w, angle COH = (cs  c), BJ = height of front wall (Zfw),
KM = height of the external reflector (Zer), CDQL0 = projected area of
the back wall, ADQR = projected area of eastern wall, PQL0N0 = pro-
jected area of the external reflector, CDES = area of water receiving beam
radiation directly, and FF0, LL0 and NN0 are sun rays projected on the still
base.
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are computed from the solar altitude and azimuth angles,
and the latitude and longitude of the site (Tripathi and Ti-
wari, 2004; Tanaka and Nakatake, 2006; Madhlopa and
Johnstone, 2009):
Adi ¼
Lb1 Bb1 
Zfw cosðcscpÞ
tanw
h i
; for jcsj > 90
Lb1 Bb1 
Zfc cosðcscpÞ
tanw
h i
; for jcsj 6 90
8
><
>:
ð4Þ
A0bw ¼
Lb1Zfw cosðcscpÞ
tanw ; for jcsj > 90
0; for jcsj 6 90
(
ð5Þ
It should be mentioned that the sun is in front of the solar
still when |cs| > 90 for a north-facing system tested in the
southern hemisphere (such as a solar system mounted fac-
ing the equator at the Malawi Polytechnic). Otherwise, the
sun is behind the system at this site. Thus, Eqs. (4) and (5)
take into account the effects of shading for any position of
the sun relative to a north-facing system. Similar equations
are used for a south-facing system tested in the northern
hemisphere but |cs| < 90 when the sun is in front of the sys-
tem at such a location.
In the morning (x < 0), rays of the sun are incident on
the outer surface of the east wall and on the inner surface
of the west wall. At solar noon (x = 0), both the east and
west walls receive equal amounts of solar energy. In the
afternoon (x > 0), the trend in the distribution of solar
energy on the east and west walls is reversed. In view of
the symmetry about solar noon, the projected areas of
the two walls can be given by:
A0ew ¼
Bb1
Zfw sinðjcscp jÞ
tanw þ 0:5y sin r
h i
; for xP 0
0; for x < 0
(
ð6Þ
A0ww ¼
Bb1
Zfw sinðjcscp jÞ
tanw þ 0:5y sin r
h i
; for x 6 0
0; for x > 0
(
ð7Þ
y ¼ B2b1 þ
Zbw Zfw
tanw
 2
 2Bb1
Zbw Zfw
tanw
 
cosðcs  cpÞ
" #0:5
ð8aÞ
sin r ¼
ZbwZfw
tanw
 
sinðjcs  cpjÞ
B2b1 þ
ZbwZfw
tanw
 2
 2Bb1 ZbwZfwtanw
 
cosðcs  cpÞ
 	0:5
ð8bÞ
Saline water also receives solar energy from the external
reflector. The projected area of the external reflector can
be given by (for a north facing surface):
A0er ¼
Lb1Zer cosðcscpÞ
tanw ; for jcsj > 90
0; for jcsj 6 90
(
ð9Þ
A similar equation is used for a south-facing surface with
the inequality signs in Eq. (9) reversed.
It is observed that the surface area of saline water that
directly receives solar radiation, and the projected areas
of the walls and external reflector are dependent on solar
angles for a given set of still design and site parameters.
This indicates that these areas and the amount of solar
energy intercepted by them would vary with the time of
the day.
For diffuse radiation, solar energy received directly by
the water surface (Gd,di) and that intercepted by the internal
surfaces of the walls (Gd,wa) and the external reflector (Gd,er)
depend on the view factors of surfaces exchanging radia-
tion. Thus, Gd,di, Gd,wa and Gd,er can be calculated from
(Duffie and Beckman, 2006):
Gd;di ¼ W wlskGdh ð10Þ
Gd;wa ¼ ðAbwW bwskGdh þ AewW ewskGdh
þ AwwW wwskGdhÞ=Aw1 ð11Þ
Gd;er ¼ AerW erskGdh=Aw1 ð12Þ
It is seen that the diffuse irradiance on the receiving sur-
faces depends on view factors for a given set of design
parameters, which indicates that the diffuse irradiance on
these surfaces is not affected by the position of the sun.
The two components of solar energy received by the vari-
ous surfaces are used to derive equations for calculating
effective irradiance on the surface of saline water inside
the solar still.
Saline water receives solar energy directly from the sun
and indirectly from the walls and external reflector of the
still. The amount of solar energy reflected by a particular
wall is also influenced by the view factor of the wall with
respect to the water surface. The beam solar energy
received by the water can be given by:
Aw1Gb;ef ¼
AdiGbh þ G0b;sr; for specular reflection
AdiGbh þ G0b;dr; for diffuse reflection
(
ð13aÞ
G0b;sr ¼ W 0bww1qbwGbn;bw þ W 0eww1qewGbn;ew

þ W 0www1qwwGbn;ew þ W 0erw1qerGbn;er

Awl ð13bÞ
G0b;dr ¼ qwa A0bwW bww1 þ A0ewW eww1 þ A0wwW www1
 

þ qerA0erW erw1

Gbh ð13cÞ
Using Eq. (13a), the effective beam irradiance inside the so-
lar still can be calculated from:
Gb;ef ¼
AdiGbh þ G0b;sr
 
=Aw1 for specular reflection
AdiGbh þ G0b;sr
 
=Aw1 for diffuse reflection
8
><
>:
ð14Þ
Similarly, diffuse solar energy intercepted by the water is gi-
ven by:
Aw1Gd;ef ¼ Aw1W w1skGdh þ qwaQd;wa
þ qerAerW erw1W erskGdh ð15Þ
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Qd;wa ¼ ðAbwW bww1W bwsk þ AewW eww1W ewsk
þ AwwW www1W wwskÞGdh ð16Þ
From Eq. (16), the effective diffuse irradiance can be calcu-
lated as follows:
Gd;ef ¼ ðAw1W w1skGdh þ qwaQd;wa
þ qerAerW erw1W erskGdhÞ=Aw1 ð17Þ
The total effective solar irradiance inside the solar distilla-
tion system can be calculated from:
Gg;ef ¼ Gb;ef þ Gd;ef ð18Þ
Specular view factors for pairs of surfaces of the still can
be computed by using design and astronomical parameters
(Wijeysundera, 1978; Abdel-Ghany and Kozai, 2006). Incr-
opera et al. (2007) has reported a detailed procedure for
calculation of diffuse view factors. In this study, it is
assumed that the two trapezoidal surfaces on the eastern
and western sides of the solar still are rectangular in shape
with breadth Bbl and length 0.5(Zbw + Zfw). Duffie and
Beckman (2006) reported that the proportion of the sky
viewed by a tilted surface is 0.5(1 + cos b), in the absence
of any other obstruction. Based on this, Wbw–sk, Wer–sk
and Wwl–sk are calculated as follows:
W bwsk ¼ 0:5ð1 þ cos bbwÞ  ðW bwew þ W bwfw
þ W bwww þ W bwerÞ ð19Þ
W ersk ¼ 0:5ð1 þ cos berÞ ð20Þ
W wlsk ¼ 1ðW wlbw þW wlew þW wlfw þW wlww þW wlerÞ
ð21Þ
It should be mentioned that Wbw–ew = Wbw–ww (by symme-
try) and the surface of saline water is horizontal (bwl = 0)
with the walls and external reflector being vertical (bwa =
ber = 90). In addition, Wbw–er = 0 because both the back
wall and the external reflector are in the same plane. So,
these two surfaces cannot view each other. The computed
effective irradiance can be used in energy balance equations
for a single slope solar still with an external reflector. A
similar model can be employed in the calculation of effec-
tive irradiance inside a conventional solar still with single
slope (without external reflector, Zer = 0).
3. Application of the model
The proposed model requires accurate data on the
design and operating factors of a solar still, and meteoro-
logical conditions to compute distillate yield (output data).
Thus, both empirical input and output sets of data are
needed for model validation. Beam and diffuse irradiance,
ambient air temperature and wind speed are input weather
variables to the model. Data on these input variables
should be at short time intervals for accurate simulation
results. BSI (2007) recommended a maximum sampling
interval of 30 s, and the sampled values should be logged
at an interval of 300 s for characterization of a solar water
heater. Moreover, the performance of a solar still is influ-
enced by meteorological conditions for a given set of design
and operating variables (Garg and Mann, 1976), and solar
radiation is the most influential environmental factor
(Nafey et al., 2000). However, concurrent experimental
data on these input and output variables is scarce in
literature.
3.1. Previous data
Many authors, including Kumar and Tiwari (1996), El-
Bahi and Inan (1999b), Voropoulos et al. (2003), Abdallah
et al. (2008) reported data that was relevant to the objec-
tives of their studies. Tripathi and Tiwari (2004) evaluated
the performance of a solar still with a single slope by using
the concept of solar fraction in New Delhi (28350N,
77120E). They reported data on design, operating and
meteorological parameters, and distillate output from
experimental work. The weather data comprised hourly
global solar irradiance (Ggh), ambient temperature and a
constant value of wind speed over the glass cover
(Vwd = 0). This database appeared to be close to the
requirements of the present model. Consequently, it was
used in the process of model validation.
It should be noted that Ggh in the Tripathi and Tiwari
(2004) database was measured at the specified hours, so
there was need to interpolate the values of irradiance
between hours. This was done by correlating Ggh with time
(t) from sunrise (r2 = 0.96):
Ggh ¼
133:514þ 0:075t 1:832t2; for 18666 t 6 3973
0; for t 6 1866 or tP 3973

ð22Þ
Eq. (22) was developed specifically for interpolation of
missing values of global irradiance between adjacent hours
in the present investigation. This equation was then used to
find hourly global radiation on a horizontal surface (Igh):
Igh ¼
Z t2
t1
Ggh dt ð23Þ
Hourly diffuse radiation was estimated from the computed
levels of hourly global radiation by using a piecewise poly-
nomial correlation recommended for New Delhi location
(Muneer et al., 1984):
Idh
Igh
¼
0:95; for Kt < 0:175
0:9698þ 0:4353Kt  3:4499K2t ; for 0:1756Kt 6 0:775
0:26; for Kt > 0:775
8
><
>:
ð24Þ
where Kt = Igh/Io is the clearness index of the sky.
Computed values of Igh were used to determine the aver-
age irradiance in a given hour. The estimated irradiance
was used to predict the performance of a single slope con-
ventional solar still reported by Tripathi and Tiwari (2004).
It should be mentioned that this solar still was tested only
on 27th March 2002 at New Delhi. In addition, a solar still
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with a separate condenser and reflectors was used to
acquire data for model validation. All surfaces exchanging
radiation were assumed to reflect diffusely because they
were not perfectly-smooth in both cases.
3.2. Description of present solar still
Non-tracking solar collectors, including distillers, are
generally inclined to the horizontal facing the Equator to
optimize solar collection. Garg and Mann (1976) reported
that the optimum tilt angle (b) of the transparent cover
over a conventional solar still is 10 which (i) just enables
the distillate to flow downwards on the inner surface of
the cover without dropping back into the basin and (ii) is
sufficient to introduce rain water runoff on the external sur-
face to promote self cleaning and maintain a higher value
of solar transmission. Nevertheless, b also affects the angle
of incidence and, therefore, transmission of solar radiation
through the cover (Duffie and Beckman, 2006). So, b > 10
is sometimes used depending on the latitude (/) of the site
(Nafey et al., 2000). Generally, b = /  10 for summer
season (when / > 10), b = / for annual performance,
and b = / + 10 for winter season (Samee et al., 2007).
Capture of solar radiation reflected from the walls of a con-
ventional still is optimal when the length is twice the width
(aspect ratio, AR  2.0) (El-Swify and Metias, 2002). It
should be mentioned that optimization is necessary for
achieving the best possible yield of distilled water. Never-
theless, non-optimal values of design parameters have been
used in some of the previous work, depending on the objec-
tive of the study. Porta et al. (1997) validated their model
on thermal inertia in solar distillers by using a still with
b = 4 and AR = 11.3. Tripathi and Tiwari (2004) used
b = 8.8 and AR = 1.0 for a conventional still tested at a
latitude of 28350N, to validate their model on solar frac-
tion. Later, an inclination angle of b = 10.2 and
AR = 1.0 were used for a still studied at the same location
by Tripathi and Tiwari (2006).
The objective of the present study was to develop a
model that calculates the amount of solar energy received
by saline water in a solar still with internal and external
reflectors. To verify the performance of the model, a sin-
gle-slope passive solar still with an external condenser
was used. The major components of this solar distillation
system were evaporator and condenser units. Walls of the
evaporator acted as internal reflectors while the front wall
of the condenser was an external reflector. This solar still
comprised three basins with saline water. Basin 1 was
housed in the evaporator unit while basins 2 and 3 were
stacked inside the condenser unit to recover heat from
the first effect (Fig. 3).
Basin 1 of (0.90 m  0.80 m) of the test still (AR = 1.1)
was constructed from galvanized steel (0.0008 m thick),
painted black on the inner surface to optimize absorption
of solar radiation and placed horizontally on polystyrene
insulation inside a wooden box (made of plywood). Basin
liners 2 and 3 were also made from the same metal sheet
as that for basin 1 but they were not painted to reduce
resistance to heat conduction. These two basins were
inclined at 10 to enable distillate flow downward into
the collection channels, and stepped to minimize the mass
of water in them. A float glass cover (0.004 m thick) was fit-
ted on the top part of the evaporator chamber, tilted at 16,
to optimise collection of solar radiation at the Malawi
Polytechnic (15480S, 35020E). A rectangular galvanized
steel channel was fitted inside the box, on the lower edge
of each condensing surface. In addition, the inside part of
the box was painted black to reduce condensation of
vapour on the walls while the exterior part of the box
was painted light green to enhance reflection of solar radi-
ation by the external reflector and protect the wooden
structure from weathering. Details of the system design
and operating parameters are presented in Table 1.
Incoming solar radiation passes through the glass cover
to heat saline water in basin 1 (first effect). Then, vapour
from the first effect flows upward and condenses when it
gets into contact with the inner side of the glass cover at
due point (or lower temperature) while part of the vapour
flows into the condensing chamber by purging and diffu-
sion to heat water in basin 2 (second effect). In turn, the
Solar radiation 
Basin 1 
Glass cover
Basin 2 
Basin 3 
Condensing cover Solar shield
Condenser Evaporator 
4 x distillate 
collection channel 
Back wall 
External reflector
Fig. 3. Cross-section of the solar still with separate condenser and reflectors.
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second effect powers the third effect, thereby enabling
recovery of thermal energy.
3.3. Energy balance equations of the present system
In applying the proposed model to a solar still with sep-
arate condenser and reflectors, it was assumed that:
(a) the solar still was air-tight,
(b) purging and diffusion stopped when the temperature
of water in basin 2 was greater or equal to that of
water in basin 1 (Tw2P Tw1),
(c) ground-reflected solar radiation did not reach saline
water in basin1,
(d) solar radiation intercepted by the exterior surfaces of
the wall was neglected, and
(e) there was no leakage of vapour and distilled water
from the distillation system.
With these assumptions, the energy balance equations
for the solar still components were formulated as follows:
Glass cover (gc)
mgcCp;gc
dT gc
dt
¼ AgcF gcGg;ef þ Aw1hgcðT w1  T gcÞ
 Agchc;gcaðT gc  T aÞ
 Agchr;gcskðT gc  T skÞ ð25Þ
hgc ¼
R0hc;w1gc
1 þ R0 þ
R0he;w1gc
1 þ R0 þ hr;w1gc
 
ð26Þ
Basin liner 1 (bl)
mb1Cp;b1
dT b1
dt
¼ Aw1½F b1Gg;ef  hc;b1w1ðT b1  T w1ÞUboðT b1  T aÞ
ð27Þ
Water in basin 1 (wl)
mw1CP ;w1
dT w1
dt
¼ Aw1½F w1Gg;ef þ hc;b1w1ðT b1  T w1Þ
 mdL0w1  Aw1hw1ðT w1  T gcÞ
 As1UswðT w1  T aÞ ð28Þ
hw1 ¼ hc;w1gc þ he;w1gc þ hr;w1gc ð29Þ
_md ¼ DðAec=xecÞðuve  uvcÞ ð30Þ
Basin liner 2 (b2)
mb2Cp;b2
dT b2
dt
¼ Aw1hpuðT w1  T gcÞ þ _mdL0w1
 Ab2hc;b2w2ðT b2  T w2Þ ð31Þ
hpu ¼
hc;w1gc
1 þ R0 þ
he;w1gc
1 þ R0 ð32Þ
Water in basin 2 (w2)
mw2Cp;w2
dT w2
dt
¼ Ab2hc;b2w2ðT b2  T w2Þ  Aw2hw2ðT w2
 T b3Þ  As2UswðT w2  T aÞ ð33Þ
hw2 ¼ hc;w2b3 þ he;w2b3 þ hr;w2b3 ð34Þ
Basin liner 3 (b3)
mb3Cp;b3
dT b3
dt
¼ Aw2hw2ðT w2  T b3Þ  Ab3hc;b3w3ðT b3  T w3Þ
ð35Þ
Water in basin 3 (w3)
mw3Cp;w3
dT w3
dt
¼ Ab3hc;b3w3ðT b3  T w3Þ  Aw3hw3ðT w3
 T coÞ  As3UswðT w3  T aÞ ð36Þ
hw3 ¼ hc;w3co þ he;w3co þ hr;w3co ð37Þ
Rate of evaporation ð _meÞ
_me ¼
Aw1he;w1gcðT w1  T gcÞ
L0w1
þ Aw2he;w2b3ðT w2  T b3Þ
L0w2
þ Aw3he;w3coðT w3  T coÞ
L0w3
þ _md ð38Þ
Table 1
Design and operational parameters for a solar still with separate
condenser and reflectors.
Parameter Unit Value
Design parameters
Ab1 m
2 0.720
Ab2 m
2 0.730
Ab3 m
2 0.730
Aev m
2 2.114
Agc m
2 0.750
As2 m
2 1.313
As3 m
2 0.680
Aw1 m
2 0.720
Aw2 m
2 0.730
Aw3 m
2 0.730
Bbl m 0.800
Lbl m 0.900
mb1 kg 5.0
mb2 kg 6.0
mb3 kg 6.0
mgc kg 10.0
R0 Dimensionless 0.65
Ubo W m
2 K1 1.203
Usw W m
2 K1 0.500
Wbw–sk Dimensionless 0.23
Wbw–wl Dimensionless 0.30
Wew–sk Dimensionless 0.14
Wer–wl Dimensionless 0.09
Wer–sk Dimensionless 0.50
Wwl–sk Dimensionless 0.39
xps m 0.023
xpw m 0.020
xec m 0.05
Zbw m 0.418
Zer m 0.632
Zfc m 1.057
Zfw m 0.195
bco  10
bgc  16
Operational parameters
mw1 kg 20
mw2 kg 13
mw3 kg 13
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The heat flux (Qe) due to evaporation can be written as:
Qe ¼ he;w1gcðT w1  T gcÞ þ
Aw2he;w2b3ðT w2  T b2Þ
Aw1
þ Aw3he;w3coðT w3  T coÞ
Aw1
þ _mdL
0
w1
Aw1
ð39Þ
The distillate yield (Y) in a time interval of (t2  t1) can be
calculated from:
Y ¼ 1
Aw1
Z t2
t1
_me dt ð40Þ
3.4. Solution procedure
The values of the solar absorption factor F were com-
puted at any given angle of incidence on the glass cover
(Duffie and Beckman, 2006):
F gc ¼ agc ð41Þ
F wl ¼ awlsgc ð42Þ
F bl ¼ ablsgcð1  awl  qwlÞ ð43Þ
Heat loss from the top of the glass cover to the environ-
ment is predominantly by convection (to ambient air) and
radiation (to sky). Wind influences the convective heat
transfer from the top part and the wind coefficient of heat
transfer is calculated from (Wattmuf et al., 1977):
hc;gca ¼
2:8 þ 3V wd ; V wd 6 5 ms1
6:15V 0:8wd ; V wd > 5 ms
1
(
ð44Þ
The coefficient of radiative heat transfer to the sky is given
by (Duffie and Beckman, 2006):
hr;gcsk ¼ regc T 2gc þ T 2sk
 
ðT gc þ T skÞ ð45Þ
with the following correlation for sky temperature (Sharma
and Mullick, 1991):
T sk ¼ 0:0552T 1:5a ð46Þ
The evaporation and condensation processes involve the
transfer of both heat and mass. Consequently, relevant cor-
relations are used to estimate the coefficients of internal
convective and evaporative heat transfers from hot water
to each of the condensing surfaces. Tsilingiris (2007) stud-
ied the influence of using the thermophysical properties of
the mixture of moisture and dry air in the derivation of the
coefficients of heat and mass transfer in solar stills. It was
found that the accuracy of modelling the transfer of heat
and mass in solar stills improved when the thermophysical
properties of a binary mixture were used instead of the
thermophysical properties of dry air. Recently, Tsilingiris
(2009) reported the following general equations for calcu-
lating coefficients of heat transfer by natural convection
and evaporation from the surface of hot water to a con-
densing cover:
hc;wcs ¼ bkmaS3d1
gumab
0
ma
lmaa0ma
 d
ðT w  T csÞ½
þ T wðPw  PcsÞðMda  MvÞ
MdaP to  PwðMda  MvÞ
	d
ð47Þ
he;wcs ¼
1000L0whc;wcsRda
Cp;maRv
P to
ðP to  PwÞðP to  PcsÞ
ð48Þ
Thermophysical properties of a binary mixture were used
in the study. It was found that d = 1/3 can be used in a
wide range of the operating temperatures of a solar still,
and b = 0.075 when the rate of distillation is lower than
1  104 kg m2 s1 and b = 0.05 at higher distillate out-
puts. In addition, there was good agreement between theo-
retical and experimental rate of distillate production. So,
Eqs. (47) and (48) were used to calculate the coefficients
of convective and evaporative heat transfer inside the still,
and properties of moist air were computed according to
Tsilingiris (2007).
There is also internal heat radiation from hot water to
each of the condensing surfaces. The coefficient of internal
radiative heat transfer is estimated from Duffie and Beck-
man (2006):
hr;wcs ¼ rew;cs T 2w þ T 2cs
 
ðT w þ T csÞ ð49Þ
ew;cs ¼
1
ew
þ 1
ecs
 1
 1
ð50Þ
The coefficient of convective heat transfer (hc) from the
middle and upper basin liners to saline water was calcu-
lated according to Incropera et al. (2007), assuming the ba-
sins are inclined to the horizontal:
hc ¼ Nukw=S ð51Þ
Nu ¼ 0:825 þ 0:387Ra
1=6
½1 þ ð0:492=PrÞ9=68=27
( )
ð52Þ
Pr ¼ Cp;wmw=kw ð53Þ
Ra ¼ gb
0
wS
3ðDT Þ sin b
a0wmw
ð54Þ
S ¼ A=ð2L þ 2BÞ ð55Þ
Heat is also transferred from the basin liner 1 to saline
water. The coefficient of convective heat transfer from the
basin liner to the saline water (hc,bl–wl) was taken to be
100 W m2 K1 (Tripathi and Tiwari, 2004, 2006). In addi-
tion, there is heat loss from the bottom and side walls of
the still. In this study, the coefficient of bottom heat loss
is calculated from (Duffie and Beckman, 2006):
Ubo ¼
xps
kps
þ xpw
kpw
 1
ð56Þ
The coefficient of heat loss from the sides is taken as
0.5 W m2 K1 (Klein, 1975).
Physical properties used in the present study are: Cp,gc =
750 J kg1 K1,Cp,bl = Cp,b2 = Cp,b3 = 477 J kg
1 K1,Cp,w =
4190 J kg1 K1, kps = 0.0346 W m
1 K1, kpw = 0.1200 W
A. Madhlopa, C.M. Johnstone / Solar Energy 85 (2011) 217–233 225
m1 K1, Rda = 287 J kg
1 K1, Rv = 461.52 J kg
1 K1,
abl = 0.90, awl = 0.05, qer = 0.50, qw = 0.02, qwa = 0.05,
egc = 0.88, ew = 0.96, eco = 0.80, and r = 5.67  108 W
m2 K4. At normal incidence, the values of agc and sgcwere
0.10 and 0.78 respectively. A temperature-dependent
correlation was used to calculate the latent heat of water
vaporization (Belessiotis et al., 1995). The saturation vapour
pressure inside the solar stills was calculated using a correla-
tion reported by ASHRAE (2001), and other physical prop-
erties of water (k, a0, b0, and m) were computed from
temperature-dependent correlations (IAPWS, 1996). The
density of water vapour in the evaporator and condenser
chambers was calculated using Eq. (57), at 0.5(Twl + Tgc)
and 0.5(Tb2 + Ta) respectively.
uv ¼ P=ðRvT Þ ð57Þ
A computer program was written in MATLAB (version
7.0) to solve the above system of non-linear equations using
the Gauss–Seidel explicit iterative method (Burden and
Faires, 1985), with a temperature tolerance of 0.5 K and
time step of 20 s. Solar altitude and azimuth angles were
computed according to Duffie and Beckman (2006). These
angles were used to determine the projected areas of walls
and external reflector, the area of the water receiving solar
radiation directly and the effective beam and diffuse solar
irradiance. Values of the effective irradiance, ambient tem-
perature and wind speed were used to predict the perfor-
mance of the solar distillation systems. Initial values for
the temperatures of the system components were assumed
to be approximately equal to Ta. Based on these values
of temperature and physical properties, appropriate coeffi-
cients of heat transfer (assumed constant in a given time
step) were calculated for estimating temperatures in the
next time step. A flow chart for the computational scheme
is shown in Fig. 4.
3.5. Present system mounting and data acquisition
The solar still with separate condenser and reflectors
was mounted outdoors, facing north (cp = 180), on steel
frames on top of a horizontal roof 6 m above the ground
to reduce shading from tall structures at the Malawi Poly-
technic (15480S, 35020E) from 25th September to 23rd
October 2008. Basin1 was filled with 20 kg of saline water
while basins 2 and 3 contained 13 kg of saline water each.
All the basins were topped up once in the morning on every
test day.
Two Kipp & Zonen pyranometers (models CM 11 and
CM 6B) were used to measure global (Ggh) and diffuse
(Gdh) irradiance on a horizontal surface respectively. For
diffuse irradiance, the pyranometer was placed under a
Kipp & Zonen shadow ring (model CM 121B) and the
recorded data was corrected for the shadow ring (Kipp &
Zonen, 2004). Irradiance at various selected points inside
the solar still was not measured due to the limitation of
radiometers. Moreover, the area (Adi) of saline water that
directly receives beam radiation is dynamic which would
lead to a significant variation in the values of irradiance
recorded at different locations within the distiller during
certain times of the day. The temperature of water and
other components was determined by using T-type thermo-
couples (±0.5 K). Wind speed was measured by a Delta-T
Devices cup anemometer (model AN 4) during the experi-
mental period. All these sensors were connected to a Delta-
T Devices Ltd. data logger (model DL2e) with sampling
and logging at intervals of 10 s and 300 s respectively.
 Compute solar altitude (ψ) and azimuth (γs) angles  
        All  
    time steps  
     covered 
 Yes 
  Yes
No 
 Estimate the initial values of the temperatures of   
 glass cover saline water, basin  liners and  distillate 
 yield (=0, initially) 
Start 
 Compute temperature dependent physical properties 
 of fluids  
 Calculate the various coefficients of heat transfer  
 Start solving the energy balance equations iteratively 
 to obtain new temperatures  
 Calculate the area of water receiving solar radiation   
 directly and the projected areas of the walls and  
 external reflector. 
 Compute the effective solar energy using appropriate  
 areas 
 Compute distillate yield in the time step, using new 
 temperatures, then add it to the initial value. 
End  
No  Replace initial    
 temperatures with new 
 ones 
 Go to the next time  
 step, replace initial 
 temperatures and yield  
 with corresponding   
 new values  
    Solution 
 converges
Fig. 4. Flow chart for computation of the effective irradiance, tempera-
tures of system components and distillate yield in MATLAB software.
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The distillate mass was measured using an Ohaus top load-
ing electronic balance (model B500A) with a readability of
0.0001 kg.
3.6. Data processing
In any given logging time interval, effective irradiance
was computed from the geometry of the still, latitude and
longitude of the site, and the solar azimuth and altitude
angles of the sun at the midpoint of the time interval. To
avert errors in computation of effective solar radiation at
low solar altitude, the astronomical duration between sun-
rise and sunset was shortened by 2400 s (Cooper, 1969b).
The beam solar irradiance (Gbh) on a horizontal surface
was calculated from measured values of Ggh and Gdh.
Gbh ¼ Ggh  Gdh ð58Þ
Effective irradiance was determined using the previous and
present models for calculating the distribution of solar
radiation in a given solar still. For the previous model, it
was assumed that W = 1 for all surfaces interchanging
radiation, and that saline water in the evaporator basin re-
ceived diffuse radiation only by direct means (Tanaka and
Nakatake, 2006). The computed effective irradiance was
used in the energy balance equations. Finally, the mean
bias error (MBE), root mean square error (RMSE) and t-
statistic were computed according to Stone (1993).
4. Results
4.1. Meteorological conditions
Fig. 5a and b shows the variation of weather conditions
on 27th March 2002 at New Delhi and on 14th October
2008 at the Malawi Polytechnic respectively. For New
Delhi, it is observed that beam irradiance was lower than
diffuse irradiance during the most part of the day. Never-
theless, these levels of irradiance were adequate for solar
distillation to proceed. On this date, the estimated daily
insolation was 15.6  106 J m2. For Malawi Polytechnic,
beam irradiance was higher than diffuse irradiance during
the most part of the day. Irradiance was significantly
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Fig. 5. Variation of beam (Gbh) and diffuse (Gdh) irradiance on a horizontal surface, ambient air temperature (Ta) and wind speed (Vwd) with local time on
(a) 27th March 2002 at New Delhi and (b) 14th October 2008 at the Malawi Polytechnic.
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intermittent after solar noon due to partly-cloudy weather
conditions on this day but the observed levels were also
adequate for solar distillation to proceed. The daily insola-
tion was 14.2–25.0  106 J m2 during the entire test per-
iod. It should be mentioned that solar radiation is the
most influential environmental parameter in distillate pro-
ductivity (Nafey et al., 2000). Distillate production
increases with the level of irradiance. So, the productivity
of the still would be higher on sunny days.
For New Delhi, ambient air temperature varied between
288 and 307 K throughout the day. The average daily air
temperature was 297 K. For Malawi Polytechnic, it is seen
that ambient air temperature varied between 294 and
305 K. The average daily air temperatures were within
291–299 K at this site. Distillate production tends to increase
with ambient air temperature (Cooper, 1969a; Nafey et al.,
2000). Thus, distillate yield would be higher on warmer days.
For New Delhi, Tripathi and Tiwari (2004) assumed a
wind speed of Vwd = 0. For Malawi Polytechnic, wind
speed varied between 0.21 and 3.07 ms1, and it did not
exceed 3.10 ms1 throughout the day. On all test days, val-
ues of Vwd < 4 ms
1 were recorded. The average daily wind
speeds were 0.5–1.7 ms1. El-Sebaii (2004) found that for
water masses (mwl) less than 45 kg m
2, still productivity
decreased with increasing Vwd until a typical value was
reached. In the present study, distillate production would
be adversely affected by the levels of wind speed, because
mwl = 15 kg m
2 for the data from New Delhi and mwl
= 28 kg m2 for the solar still tested at Malawi
Polytechnic.
4.2. Effective solar radiation
Fig. 6a and b shows the variation of the total effective
(Gg,ef) and observed (Ggh) irradiance with time. It is seen
that the effective irradiance is lower than the observed val-
ues due to radiation attenuation at both New Delhi and
Malawi Polytechnic. Incoming solar radiation is incident
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Fig. 6. Variation of observed (Ggh) and effective (Gg,ef) irradiance on (a) 27th March 2002 at New Delhi and (b) 14th October 2008 at the Malawi
Polytechnic. Effective irradiance was computed by using the present model.
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on the transparent cover and reflecting surfaces. The cover
directly transmits part of the radiation onto the surface of
saline water in the evaporator basins of the distillation sys-
tems. In addition, the reflectors reflect a fraction of the
radiation onto the water surface. It should be noted that
the water receives a higher proportion of beam radiation
as the solar altitude (w) increases (Eq. (14)) (less solar
attenuation). On these test days, w  64 at New Delhi
and w  83 at the Malawi Polytechnic at solar noon which
shows that attenuation of beam radiation was higher at
New Delhi than the Malawi Polytechnic around this time.
On the other hand, the proportion of diffuse radiation
received by the surface of water in the evaporator basin
is only influenced by design parameters (Eq. (17)).
On daily basis, the value of computed effective global
insolation (Hg,ef) was 13.409  106 J m2 at New Delhi. It
is observed that Hg,ef was lower than Hgh at this site. For
the Malawi Polytechnic, the values of Hg,ef are shown in
Table 2. It is again seen that the effective insolation was
consistently lower than the observed values on all test days,
which indicates that the use of global irradiance observed
on a horizontal surface in the heat balance equations of a
basin-type solar still would lead to inaccurate estimation
of the solar load on saline water. During the entire test per-
iod, w varied from 70 to 85 at solar noon which shows
that attenuation of beam radiation was relatively low dur-
ing this period. The proportion of diffuse radiation received
by the surface of water in the evaporator basin would still
remain constant for a given set of design factors.
4.3. Model performance
4.3.1. Effective solar radiation
Fig. 7a and b shows the variation of observed global
irradiance on a horizontal plane (Ggh) and effective irradi-
ance (Gg,ef) inside the stills tested at New Delhi and Malawi
Polytechnic. It is observed that the previous model yields
higher values of effective irradiance than those obtained
by using the present model at both test sites. This outcome
is ascribed to differences in the assumptions about the char-
acteristics of solar radiation. In the previous model, it was
assumed that the saline water surface views 100% of the sky
and the reflectors also view 100% of the saline water sur-
face. Nevertheless, part of the surface of saline water is
obstructed from the sky in a practical still. So, the water
surface would intercept less than 100% of the diffuse radi-
ation measured on a horizontal plane outside the distilla-
tion system. Similarly, each reflecting surface views less
than 100% of the saline water surface (Table 1).
In the previous studies, a wall reflected qwa of the
available solar energy onto the surface of water while it
effectively reflects (qwaWwa–wl) of the intercepted solar
energy in the new model. For instance, qbw = 0.05 and
Wbw–wl = 0.30 in the solar still tested at the Malawi Poly-
technic. In this case, the back wall reflects 5% of the inter-
cepted solar radiation in the previous model but it
effectively reflects 1.5% in the new model. This indicates
that the previous model would overestimate radiation
exchange between the two surfaces. It should also be noted
that the water surface and walls view proportions of the
sky (Table 1). A given surface can view 100% of the sky
if it is horizontal and not obstructed. In a practical basin-
type solar still, the water surface is horizontal but it is par-
tially shaded by the walls of the still. Moreover, these walls
are vertical and also block each other from incoming rays
of the sun. So, the surface of saline water in the evaporator
basin and internal surface of a wall receive less than 100%
of the diffuse irradiance measured on a horizontal surface
outside a solar still.
In addition, the external reflector of the solar still tested
at the Malawi Polytechnic reflects qer of the available solar
energy onto the surface of water in the previous model
while it effectively reflects (qerWer–wl) of the intercepted
solar energy in the new model. In the present design, qer
= 0.50 and Wer–wl = 0.09. Therefore, the external reflector
reflects 50% of the intercepted solar radiation onto the sur-
face of saline water in basin 1 in the previous model. In
contrast, this reflector effectively reflects 4.5% in the new
model, which shows that the previous model would signif-
icantly overestimate radiation exchange between the reflec-
tor and water surface. Further, the surface of water in
basin 1 and external reflector view 0.39 and 0.50 of the
sky respectively. So, the water surface and reflector directly
receive 39% and 50% of the diffuse radiation measured on a
horizontal surface respectively. These observations indicate
that view factors are significant in the computation of radi-
ation exchange between any two surfaces. Reflectors do not
contribute diffuse solar energy to the saline water in the
previous model. On the other hand, saline water indirectly
receives part of the diffuse radiation from reflectors in the
new model, in conformity with a practical reflector which
Table 2
Daily effective (Hg,ef) and observed (Hgh) insolation at the Malawi
Polytechnic.
Test day Daily insolation (106 J m2)
Hgh Hg,ef
1 23.948 19.632
2 23.171 18.423
3 14.199 9.015
4 24.927 20.350
5 22.322 17.818
6 25.013 21.051
7 20.895 14.525
8 16.148 9.494
9 15.719 10.129
10 18.975 14.637
11 14.726 9.960
12 17.924 12.751
13 21.370 15.583
14 24.979 20.715
15 17.871 12.426
16 20.353 15.240
17 16.643 11.994
18 18.822 13.246
Mean 19.889 14.833
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reflects both beam and diffuse radiation onto a receiver
(Duffie and Beckman, 2006).
The solar still studied by Tripathi and Tiwari (2004) was
tested for 1 day (27th March 2002) at New Delhi to vali-
date their model on the concept of solar fraction. On this
particular date, the previous model yielded an effective
daily insolation of Hg,fe = 15.499  106 J m2 while the
present model gave Hg,fe = 13.409  106 J m2. It is
observed that the previous model yields a higher value of
Hg,fe than that obtained by using the present model. The
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proportions of Hg,fe/Hgh estimated by the previous and
present models are 99% and 86% respectively. For the
Malawi Polytechnic, the variation of effective daily insola-
tion is presented in Fig. 8. It is again seen that the previous
model yields higher values of insolation than those
obtained by using the present model on all test days. On
the average, the proportions of Hg,fe/Hgh estimated by
the previous and present models are 99% and 75% respec-
tively. These observations are again attributed to differ-
ences in the model assumptions about the characteristics
of solar radiation.
4.3.2. Distillate output
Fig. 9a and b shows the variation of hourly distillate
output with time at New Delhi and Malawi Polytechnic.
It is observed that the previous model gives higher esti-
mates than the present model, with estimates from the pres-
ent model being closer to the experimental data for both
cases. These observations are commensurate with the levels
of effective irradiance computed by using these models. A
statistical analysis was performed on the distillate outputs
from the two sets of empirical data. Results of the statisti-
cal analysis of the hourly yield (24 h) for New Delhi and
the daily yield (18 days) for the Malawi Polytechnic are
presented in Table 3. It is observed that both the previous
and present models slightly overestimate the production of
distilled water (MBE > 0), which is ascribed to possible
vapour and distillate leakage from a practical solar still.
Further, the RMSE for the previous model is consistently
higher than that of the present one at both test sites.
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Finally, the t-statistic for the previous model is higher than
that for the present model for both sets of distillate data.
Stone (1993) reported that a model with a smaller value
of the t-statistic performs better than the one with a higher
value. These observations indicate that the performance of
the new model is satisfactory.
5. Conclusion
A model that calculates the distribution of solar radia-
tion in a solar still with reflectors has been proposed. In this
model, the reflectance and optical view factors of surfaces
are taken into account. The present model was applied to
a conventional solar still tested at New Delhi in previous
work and a solar still with separate condenser tested at
the Malawi Polytechnic in the present investigation. It
was found that the view factor of a plane reflector reduced
its effective reflectance. Effective irradiance was lower than
irradiance observed on a horizontal surface outside the
solar still. The previous model yielded higher values of
effective solar radiation than those estimated by the present
model at both test sites. Commensurate with the levels of
effective radiation, the previous model yielded higher val-
ues of distillate output than the new model. In addition,
the previous model exhibits higher magnitudes of the root
mean square error and t-statistic than the corresponding
values from the present model. It is therefore concluded
that (a) the efficiency of radiation exchange between any
two surfaces is significantly affected by their view factor,
(b) the use of global irradiance observed on a horizontal
surface in the heat balance equations of a basin-type solar
still would lead to inaccurate estimation of the distillate
output, and (c) the accuracy of modelling the performance
of a basin-type solar still with internal and external reflect-
ing surfaces can be improved by incorporating view factors
and the diffuse component in the reflected solar radiation.
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